The prevalence of feline foamy virus (FFV, spumaretrovirinae) in naturally infected domestic cats ranges between 30 and 80% FFV positive animals depending on age, sex and geographical region analyzed. Two serotypes have been reported for FFV designated FUV7-like and F17/951-like. Serotype-specific neutralization has been shown to correlate with sequence divergence in the surface (SU) domain of the envelope protein (Env). We analyzed a serum collection of 262 domestic cat sera from Germany using a GST-capture ELISA setup screening for Gag and Bet specific antibodies and identified 39% FFV positive animals. Due to the heterogeneity of the serological samples, cut-offs for Gag and Bet reactivity had to be experimentally determined since application of calculated cut-off values yielded some false-positive results; the new cut-off values turned out to be also fully applicable to a previous study. Using the already established FUV7 ElpSU antigen and the newly cloned and produced F17/951 ElpSU antigen, both consisting of the corresponding ectodomains of the envelope leader protein (Elp) and SU protein, we aimed at the detection of Env-specific antibodies and discrimination between the two known FFV serotypes within the diagnostic FFV ELISA. We validated the ElpSU antigens using cat reference sera of known serotype and screened with this assay domestic cat sera from Germany. Use of the FUV7-and F17/951 ElpSU antigens in ELISA resulted in the detection of Env-specific antibodies in both cat reference sera and sera from domestic cats in Germany, but failed to allow serotyping at the same time.
Introduction
Foamy viruses (FVs), also known as spumaretroviruses, are a distinct subfamily within the Retroviridae with distinguishing features in their replication pathway and a ated with infections and thus, FVs are therefore considered apathogenic (Linial, 2000; Saib, 2003) . In addition, zoonotic infections of human beings by simian FVs have been described but are not associated with an overt disease (Heneine et al., 2003; Khan, 2009) .
Based on serum neutralization assays and later confirmed by molecular sequencing, 11 different serogroups have been recognized among simian FVs (SFV; Hooks and Gibbs, 1975; McClure et al., 1994; Bieniasz et al., 1995; Schweizer and Neumann-Haefelin, 1995) . Interestingly, more than one SFV serotype has been found to infect one species of primates and co-infection of a single animal with different SFVs has been reported (Hooks et al., 1972; Leendertz et al., 2008) . In cats, two distinct serotypes of FFV have been identified due to differential neutralization patterns (Hackett and Manning, 1971; Mochizuki and Konishi, 1979; Flower et al., 1985) . FFV serotypes 951, F17 and others (Riggs et al., 1969; Helps and Harbour, 1997) represent the F17/951-like serotype, whereas the FUV7-like viruses comprise the second serotype. Sequence comparison of the two FFV serotypes revealed a very high overall amino acid sequence homology of the Gag, Pol, Bel1/Tas and Bet proteins whereas Env displayed high conservation of Elp and the N-terminal part of SU plus the whole TM (Winkler et al., 1998) . In contrast, the C-terminal end of SU displayed only 57% amino acid identity between the two serotypes whereas within each serotype, homology of this region was again high, with 97% identity (Winkler et al., 1998) . This sequence divergence in Env SU, limited to a defined region, has been recently shown to correlate with serotypespecific neutralization of FFV isolates . In contrast to SFVs, super-infection by different serotypes does not seem to be the case for FFV, but only a small number of cats have been analyzed and such rare events may have therefore been overlooked (Winkler et al., 1998) . Currently, no data is available for bovine and equine foamy viruses concerning different serotypes.
One goal of this study was to determine the prevalence of FFV in German domestic cats using field sera that had been collected and provided by practicing veterinarians and also to determine with these sera the robustness of our recently established ELISA-based FFV screening system. In addition, we studied whether utilization of the divergent Env sequences of the two FFV serotypes FUV7 and F17/951 allows serotyping by GST-ELISA technology. This would open the possibility of detecting within one assay not only Gag-, Bet-and Env-specific antibodies but also of determining the FFV serotype.
Materials and methods

Molecular cloning and recombinant proteins
The ectodomain of the Elp-SU part of FFV serotype F17/951 was amplified by PCR with primers FUV-F17 Elp-SU-s (5 -CGTATCGAATTCTCAATGGAAAGAAGCAATAACA C-3 ) and FUV-F17 ElpSU-as (5 -AGCAGTGTCGACTTGT CTTCTACCTTTCTTTCTTTC-3 ) introducing restriction sites for EcoRI and SalI, respectively, and plasmid pczFFVenv as template (Picard-Maureau et al., 2003) . PCR was done using hot start high fidelity DNA polymerase (Roche, Mannheim, Germany) at 94 • C for 2 min plus 30 cycles of 94 • C for 30 s, 54 • C for 1 min and 72 • C for 2 min. The PCR product was digested with EcoRI and SalI cleaving at the introduced sites, purified by gel electrophoresis and cloned into the correspondingly treated pGEX4T3tag derivative (Sehr et al., 2002) . The F17/951 Elp-SU ectodomain was fused in frame between the 5 GST domain and the 3 SV40-tag (KPPTPPPEPET). Clones were identified by restriction enzyme digestion and DNA sequencing.
For fusion protein expression, E. coli BL21 or E. coli BL21 Rosetta cells were transformed with pGEX-X-tag plasmids and recombinant proteins (Gag, Bet, FUV-7 ElpSU, F17/951 ElpSU) were purified as described (Sehr et al., 2001 (Sehr et al., , 2002 .
Cat sera used in this study
German domestic cat sera were sampled in veterinary practices under unknown conditions and sent to a diagnostic laboratory under standard postal conditions; aliquots of 262 cat sera of unknown FFV immune status were kindly provided by Dr. Janine Hübner and Susanne Kolb (LABOK-LIN, Bad Kissingen, Germany).
Cat reference sera 10, 12, 14, 24, and 26 were collected from homeless cats that had previously been pets in different households in Adelaide, South Australia in 1996/1997. The FFV serotype of the respective viruses was determined as published (Winkler et al., 1998) . As positive control in ELISA and immunoblots, the serum from an experimentally FFV FUV-infected female cat (cat 8014) was used .
Sera from 24 specific pathogen free (SPF) domestic cats were used to determine background reactivity of sera drawn, stored and shipped under optimal conditions. Twelve samples were obtained from the Colorado State University SPF cat breeding colony and an additional 12 samples originated from SPF cats housed at CSU following purchase from a commercial SPF USDA Class A vendor. Blood was collected via cephalic vein on conscious animals following protocols approved by the CSU Institutional Animal Care and Use Committee. Serum was collected following centrifugation and stored at −80 • C until submitted for FFV serologic analysis.
GST capture ELISA and cut-off definition
ELISAs were performed as previously described (Sehr et al., 2001 (Sehr et al., , 2002 Romen et al., 2006) . 96-well titer plates were coated with glutathione casein, pre-adsorbed with blocking buffer (0.2% (w/v) casein in PBS, 0.05% (v/v) Tween-20) and then 100 l cleared E. coli lysates containing the GST-tag or GST-X-tag fusion proteins (0.25 g total protein in blocking buffer) were added.
Cat sera were pre-incubated in blocking buffer containing 2 g/l total protein from GST-tag-expressing E. coli BL21 at a dilution of 1:50. Pre-adsorbed sera were incubated for 1 h at RT in the coated plates, washed and incubated for 1 h at RT with Protein A-peroxidase conjugate (Sigma-Aldrich, Germany). Substrate reaction and quantification were done as described (Sehr et al., 2001 ). All incubations were performed with a volume of 100 l per well.
For each serum the background absorbance against GSTtag was determined and subtracted from the absorbance of the FFV-GST fusion proteins to calculate its specific reactivity against FFV antigens. Measurements were done in duplicates on different plates and the mean value of the specific reactivity of the duplicate was taken as the readout.
Cut-off values were calculated from the Gag values of all 262 samples as 2 × (mean Gag + 3 SD). Positive outliers were excluded and the procedure was repeated until the calculated cut-off value did no longer change after excluding positive outliers. The Bet cut-off was calculated from the group of Gag negative sera as 2 × (mean Bet + 3 SD).
Quality control of recombinant antigens by anti-SV40-tag titration
All recombinantly expressed antigens contain a Cterminal SV40-tag which can be detected by ␣-SV40-tag antibody. To ensure similar expression levels and purification of full-length antigens, an anti-SV40-tag titration was performed using the GST capture ELISA system: 1 g/l cleared E. coli lysate containing the GST-X-tag fusion proteins and a lysate with a SV40-tagged GST were diluted in 3-fold dilution steps and incubated in glutathione casein coated 96-well microtiter plates. Detection of full-length antigen was performed by incubation with a murine anti-SV40-tag antibody (1:5000) followed by detection with goat-anti-mouse peroxidase conjugate (1:10 000). Substrate reaction and quantification were done as described above. Antigen lysates were used for serology only if the measured ELISA reactivity was in a similar range for 0.25 g/l total E. coli lysate.
Detection of Gag protein by immunoblot analysis
10 g total cell lysate of FFV-infected CRFK cells harvested 2 days after infection and uninfected control cells were separated by SDS-PAGE and served as antigen for immunoblot analyses. Cat sera were used at 1:1000 dilutions (v/v in 3% casein hydrolysate, 0.01% Tween 20, PBS) to detect FFV Gag in lysates of infected CRFK cells.
Results
Expression of recombinant FFV Gag and Bet fusion proteins for GST-ELISA
The FFV structural protein Gag and the accessory Bet protein were expressed as fusion proteins with an Nterminal glutathione-S-transferase (GST) domain and a C-terminal SV40-tag which allows detection of the fulllength protein (Sehr et al., 2001 (Sehr et al., , 2002 Romen et al., 2006) .
The E. coli BL21-expressed fusion proteins were assessed for their quality as antigens prior to use in this serological study. Therefore, the FFV Gag and Bet antigen as well as a SV40-tagged glutathione-S-transferase were titrated in a GST-capture ELISA setup for the presence of comparable amounts of full-length diagnostic antigen which were exclusively detected by an anti-SV40-tag antibody. This assay confirmed the presence of antigens as full-length proteins and, as indicated by the black arrow, similar reactivity for 0.25 g total E. coli lysate; the amount routinely applied to analyze cat sera (Fig. 1A) . This test rules out that differences in Gag and Bet reactivity detected in this serological study are merely due to unequal antigen expression and purification.
3.2. Serological screening of 262 domestic cat sera from Germany for Gag and Bet reactivity and determination of cut-off values Sera of 262 German domestic cats were assayed for antibodies against FFV Gag and Bet using a GST-capture ELISA as previously described (Romen et al., 2006) . A clear distinction of FFV Gag-positive and -negative reactivity was not apparent when displaying the individual reactivity as dot-plot diagram (Fig. 2) , as was the case in a previous study (Romen et al., 2006) . Thus, cut-off values for Gag and Bet were newly calculated as described in Section 2. To validate these calculated cut-off values for Gag (OD 450 = 0.08) and Bet (OD 450 = 0.03), selected sera were re-evaluated by immunoblot analysis. In total 34 cat sera displaying Gag reactivity around the calculated Gag cut-off value, as well as clearly FFV-positive and FFV-negative sera as determined by ELISA were used for immunoblotting. Cat sera were used at 1:1000 dilutions to detect the Gag proteins (52 kDa precursor and 48 kDa processed Gag) in 10 g lysate of FFVinfected CRFK cells; examples are shown for some of the sera (Fig. 3) . Cat sera were scored FFV-negative when Gagspecific antibodies were undetectable by immunoblotting. Experimental re-evaluation resulted in a Gag cut-off value of OD 450 = 0.24 with sera within or above this value being Gag positive and sera below this value being scored Gag negative (Fig. 2) . The experimentally determined Gag cutoff was twice (2.14 fold) as high as the cut-off which had been used in the previous study (0.112 OD 450 , Romen et al., 2006) . This new cut-off clearly separates a group of lowlevel Gag reactive sera that are negative in immunoblotting from those that are Gag positive in both assays (Fig. 2) . Since Bet is not consistently detectable by cat sera in immunoblot assays , we could not experimentally determine the Bet cut-off value. Thus, we correspondingly adjusted the cut-off for Bet from 0.046 OD 450 to 0.098 OD 450 using the same factor used for the new Gag cut-off. Using the re-evaluated cut-off values, 103 out of 262 domestic cat sera showed FFV antibodies, of which 102 reacted with Gag and 83 with Bet (Table 1) . More than two third (82/102) of the antibody-positive sera showed reactivity against Gag and Bet, 20 were positive for Gag only and 1 sera reacted only with Bet but not with Gag. In summary, 39% of the examined domestic cat sera from Germany were positive for FFV.
Production of the F17/951 ElpSU antigen
The previously described ElpSU antigen contains the ectodomains of the Elp-SU-protein of the FFV serotype FUV7 (Romen et al., 2006) . We wanted to determine whether this diagnostic antigen and the corresponding domain of the F17/951 Env allow serotyping by ELISA Fig. 1 . Titration of FFV Gag and Bet (A) and F17/951-and FUV-7 ElpSU (Env) antigens (B). FFV antigens were recombinantly expressed in E. coli BL21 as fusion proteins with an N-terminal GST-domain and a C-terminal SV40-tag. 1 g total E. coli lysate containing the FFV antigens (as indicated) was titrated in 1:3 dilution steps including a SV40-tagged GST-protein. Full-length antigen was detected by an anti-SV40-tag-antibody. Black arrows indicate the amount of FFV antigen initially used for GST-ELISA serology (0.25 g).
reactivity of cat sera. Therefore, the ectodomain of the ElpSU part of F17/951 env was amplified by PCR, cloned into the pGEX4T3tag expression vector and recombinantly expressed as GST-fusion protein with a C-terminal SV40-tag. ElpSU antigens of both serotypes were assayed for their quality in the same way as the FFV Gag and Bet antigens to experimentally confirm equal full-length antigen expression and purification (Fig. 1B) .
Analysis of F17/951 and FUV7 ElpSU antigens using cat reference sera
To determine whether the FUV7-and F17/951 ElpSU antigens display serotype-specific reactivity, FFV Gag, Bet and ElpSU ELISAs using feline reference sera 10, 12, 14, 24, and 26 of known serotypes from naturally FFVinfected Australian cats were performed (Fig. 4) . The FUV7-or F17/951-typing of these different FFV isolates had been previously determined by neutralization assays and serotype-specific PCR (Winkler et al., 1998) . Detection of Gag, Bet and Env reactivity was compared with the reactivity of an experimentally FUV7-infected cat (cat 8014, positive control). The level of Env reactivity of the reference sera did not correlate with the serotype of the infecting FFV isolate: the FUV7-derived diagnostic antigen was similarly recognized in the ELISA by sera from 951-infected cats (cats 14 and 26) and vice versa, the 951-derived antigen was also recognized by sera from FUV7-infected cats (cats 10 and 12). 
Screening for antibodies against FUV7-and F17/951 ElpSU antigens in sera from domestic cats from Germany
To further corroborate these data, 32 sera from the German domestic cats tested above were additionally assayed for antibodies against FFV Env using the FUV7-and F17/951 ElpSU antigens. Env reactivity was detected in about 35% of Gag-and Bet-positive sera (data not shown). Again, no difference in Env reactivity was detectable using the FUV7-and F17/951 ElpSU antigens (Fig. 5) . In summary, the use of the entire F17/951 and FUV Elp-SU ectodomain did not allow discrimination between the two distinct FFV serotypes in this GST-capture ELISA setup.
Parallel to the detection of FFV Gag-, Bet-and ElpSUspecific antibodies described here, a study was performed using the same cat sera but the ectodomain of the FFV transmembrane (TM) protein as antigen in ELISA and Western blot assays. Antibodies against this viral protein were also consistently detected and confirmed the specificity of the FFV GST-ELISAs described in this study (Mühle et al., 2011) . 
Prediction of potentially antigenic regions in ElpSU antigens
In order to get deeper insights into the number and the conformity of potentially antigenic regions in the FUV7 and F17/951 ElpSU antigens, we used the program antigenic available on the EMBOSS homepage. The program based on the method of Kolaskar and Tongaonkar (1990) predicts potentially antigenic regions of protein sequences and ranks them by score. Antigenic predicted 21 potential antigenic regions for the FUV7 ElpSU antigen and 19 for F17 ElpSU (Table 2) . Four potentially antigenic regions with high scores matched for both ElpSU antigens: one is predicted for Elp and three are predicted for the N-terminal region of the SU ectodomain. These four regions are located in the conserved part of the ElpSU antigens (Fig. 6) , whereas other predicted epitopes that show no accordance were located in the divergent part of SU.
Discussion
Sera from 262 domestic cats from Germany were screened for the presence of FFV Gag-and Bet-specific antibodies using GST-capture ELISAs. The seroprevalence of FFV in German domestic cats was found to be 39%. This result is in accordance with previous studies on the detection of FFV in domestic cats from Vietnam, Australia and Switzerland with 30-80% FFV positive animals depending on age, sex and geographic region (Miyazawa et al., 1998; Winkler et al., 1999; Nakamura et al., 2000; Romen et al., 2006) .
In contrast to a previous study using the FFV GST ELISA (Romen et al., 2006) , Gag reactivity of the cat sera studied here did not display a clear biphasic distribution of FFV-positive and -negative reactants (Fig. 2) . We thus recalculated the FFV Gag cut-off values using all 262 sera but this approach did not result in reasonable values as compared with the previous study (Romen et al., 2006) . The problems with cut-off definition of the German sera may be due to differences in serum quality: cat sera analyzed by Romen et al. (2006) were directly collected in a Swiss veterinary hospital at Zurich Veterinary School and showed a clear dif- Fig. 3 . Confirmation of ELISA results by immunoblot. 10 g SDS-lysate of FFV-infected (+) and uninfected (−) CRFK cells were blotted after SDS-PAGE. Cat sera were used at 1:1000 dilutions to detect the Gag proteins (p52 and p48) in FFV-infected CRFK cells. The Gag reactivity as determined in ELISA (OD450) and the FFV status are indicated below. Fig. 4 . Validation of FUV7-and F17/951 ElpSU antigens with cat reference sera. Cats 10, 12, 14, 24 and 26 were Australian cats naturally infected with FFV strains FUV7 and 951 as indicated. Cats 13 and 21 were not infected. FFV infection had been confirmed by serology, virus reisolation and diagnostic PCR (Winkler et al., 1998) . Serum from the experimentally FFV FUV7 infected cat 8014 served as positive control, serum from a FFV-negative cat served as negative control. ELISA reactivity shows no discrimination between F17/951-and FUV-7 ElpSU antigens in the GST-ELISA setting. Fig. 5 . ELISA reactivity of 11 representative German domestic cat sera against FFV Gag, Bet and F17/951-and FUV-7 ElpSU. As positive control, the serum from the experimentally FFV FUV7-infected cat 8014 was used and a serum from an uninfected cat served as negative control. The F17/951-and FUV-7 ElpSU antigen were similarly recognized by all FFV Env-positive cat sera. ference in reactivity of Gag-positive and -negative samples whereas the cat samples (serum and plasma) analyzed in this study were sampled in different veterinary practices and sent to a central diagnostic laboratory for serological diagnosis. Thus, the fact that these cat sera did not display a clear grouping of Gag-positive and negative samples may be related to individual differences in sampling or sample preparation, storage and shipping. In line with this assumption, 24 sera drawn under optimal conditions from specified pathogen-free (SPF) and FFV-negative cats housed at Colorado State University showed FFV Gag and Bet reactivity between 0-0.017 OD 450 for Gag and 0-0.009 OD 450 for Bet (data not shown), which is even below the background levels reported for the cat sera taken directly at the Zurich Veterinary School (Romen et al., 2006) . In order to solve the problem with Gag cut-off definition, we re-analyzed cat sera displaying reactivity in the range of 0.07 and 0.27 OD 450 (above and below the calculated cutoff) and also included clearly Gag-positive and -negative sera as determined by ELISA. In total we re-analyzed 34 cat sera in immunoblot analyses since Gag is the diagnostic antigen and can be detected easily by this method. Based on the FFV Gag immunoblot reactivity (see Fig. 3 ) the new and experimentally determined Gag cut-off of 0.24 OD 450 was therefore used to distinguish between Gag positive and negative sera. Remarkably, when this new cut-off value of 0.24 OD 450 is applied to the data presented in the previous study (Romen et al., 2006) , the results concerning FFV infection status would not be changed at all even though this new cut-off was more than twice the previous cut-off (0.112 OD 450 ). The new cut-off value of 0.24 OD 450 will be used for future studies since it proved valuable for different and independently analyzed sets of cat sera.
Since Bet is not consistently detected by cat sera in immunoblot assays it was not possible to experimentally determine the Bet cut-off as was done for Gag reactivity. Application of the published Bet cut-off (0.046 OD 450 ; Romen et al., 2006) would increase the number of sera positive for Bet but clearly negative for Gag from one to five. However, only one of these sera actually displayed high reactivity against Bet (0.4 OD 450 ) and it is not clear whether this Bet reactivity is FFV-specific or whether this animal did not mount reactivity against Gag or may have lost it over time. Since the experimentally determined Gag cut-off turned out to be more than twice the cut-off of the previous study (Romen et al., 2006) we decided to correspondingly apply this to re-set the Bet cut-off value.
The current study confirms that Gag is the diagnostic antigen of choice to detect FFV infections by ELISAbased serology. As also described before for FFV and BFV (Romen et al., 2006 (Romen et al., , 2007 Bet reactivity is not consistently detectable in Gag-positive sera and thus of lower diagnostic value.
By using diagnostic ElpSU antigens from both FUV7-and F17/951-like viruses we aimed at a serological discrimination of the two known FFV serotypes FUV7 and 951 (with F17 being a 951-like virus strain). Validation of both ElpSU antigens with reference sera of FUV7 or 951 serotypes revealed similar recognition of both antigens without even minor differences in serological reactivity. Both ElpSU antigens cover the ectodomains of Elp and SU and are C-terminally fused to the GST moiety. The quaternary structure of the resulting fusion protein is most likely different from the wild-type envelope protein. Therefore it might be possible that serotype-specific Env antibodies do not recognize their epitopes since they are either not accessible or not present in the given conformational context of the ElpSU antigens used in this GST-capture ELISA setup.
In order to explore why the ElpSU antigens were recognized but not in a distinguishable manner, we used the program antigenic to predict potentially antigenic regions in the ElpSU antigens. Antigenic predicted among others four possible antigenic regions present in both ElpSU antigens, two of them ranking among the first three in the score order and therefore most likely highly antigenic. Interestingly, these four antigenic regions are located in parts of the ElpSU antigens which are conserved between both serotypes. We conclude that similar recognition of both ElpSU antigens in our ELISA setup is most likely due to the recognition of shared antigenic regions present in both antigens. Removal of the conserved parts of the ElpSU antigens may in fact allow serotyping but could probably impair the diagnostic value of such shortened antigens which may simply lack the major antigenic sites or epitopes recognized by FFV-specific antibodies. In summary, ELISAs performed with the ElpSU antigens failed to discriminate between the FUV7 and 951 serotypes, therefore we conclude that utilization of a serotype-specific PCR assay (Winkler et al., 1998) or neutralization assay so far remain the methods of choice to distinguish between FFV serotypes.
